FeCoNbB Hitperm, where 4 at% of Fe are substituted by V or Cr show expected reduction of saturation, slightly lowered magnetostriction and slightly higher coercivity. Despite of significantly larger grain caused by Cr, the coercivity does not increase sharply. Detrimental ambient influences at non-vacuum annealing are not appreciably blocked by V or Cr.
Introduction
The Hitperms present a promising type of rapidly quenched soft magnetic materials to be used at higher induction and working temperature than Finemets [1, 2] . If crystallized to attain the higher saturation, the Hitperms show fine (< 20 nm) grain with bcc structure. Several compositions and substitutions for Fe or Co have been searched [3] . Cr has been reported to lower coercivity in Finemets [4] , V is used in crystalline CoFe to improve ductility [1] . Cr and V bind well to oxygen and can thus modify the "native oxide layer" [5] frequently found on air-cast Fe-based ribbons. Various influences of this layer, which transforms at the nanocrystallization annealing, result often in macroscopic heterogeneity (MH) [6] . Generally undesired hard-ribbon-axis anisotropy is the benchmark of the MH in positively magnetostrictive materials whose thermal expansion increases at the structural transformation.
Experimental
Fe 61 Co 20 Nb 7 B 12 (HP-0) Hitperm was chosen as the base to compare to alloys with V and Cr substituted for 4 at.% of Fe. Thus the composition is (111) Fe 57 Co 20 M 4 Nb 7 B 12 (M = V, Cr) labeled here as HP-V and HP-Cr. The amorphous ribbons have been prepared by planar-flow casting method. Strips of 10 cm length, 6-10 mm width and 17-21 µm thickness (calculated from strip dimensions, mass and the as-cast density -7.82, 7.83, and 7.84 g/cm 3 for the above compositions, respectively) were annealed in vacuum or in Ar at 500
• C, 540
• C and 580
• C for 1 hour. Hysteresis loops were recorded at ac (21 Hz) sinusoidal H excitation in Helmholtz drive coils. Magnetostriction coefficient λ s was determined from magnetostrictive strain using a capacitive sensor. The longitudinal dilatation measurements were performed at a heating rate 5 K/min under the tension of 3 and 5 MPa (the larger stress for the narrower HP-0 ribbon). The crystalline share A cr and the grain size of the annealed alloys were calculated from X-ray diffraction (XRD) spectra.
Results
The most marked difference between the vacuum annealed Cr and V containing Hitperms is the different rate of the increase of saturation (see Table) and coercivity at increasing annealing temperature. If plotted as the variation with the annealing temperature, the basic FeCoNbB alloy shows a convex increase of the saturation and a concave increase of the coercivity, whereas the Cr substituted alloy shows just the opposite - Fig. 1a . The increase of J s and H c of the HP-V alloy fits in between the behavior of the other two materials. The HP-V shows the rise of J s with the annealing temperature quite equivalent to the basic alloy HP-0 whereas the saturation of HP-Cr remains to lag behind despite the largest crystalline share of this material. The behavior of all the three materials annealed in Ar is governed by the MH which brings the hard-ribbon-axis anisotropy - Fig. 1b . Indeed, all the hysteresis loops are more or less slant if compared to the corresponding loops after the vacuum annealing. The reduction of MH as expected of the minor Fe substitution by V and Cr is seen, if at all, on the loops after the 500
• C annealing. The loop tilt is clearly less than for the basic HP-0 alloy. However, only minor traces of a crystalline phase are detected after the 500 • C annealing in the substituted materials whereas the basic alloy shows already more than 40% crystalline share. The substituting elements, at least Cr, seem to promote a slight increase in the density by the annealing. Vanadium does not prevent the (similarly slight) density decrease at Ar annealing as observed for the basic alloy (≈ 0.2%). However, unlike the most Finemets, all the density changes due to annealing of these Hitperms are very small -below or just about the experimental uncertainty. The longitudinal dilatation curves displayed in Fig. 2 show some minor but interesting differences. HP-0 and HP-V remain slightly elongated when cooled back to room temperature, which could readily be expected as a consequence of the measuring tension and an ensuing modest viscous flow. HP-Cr clearly shrinks. This comes not from a hindered viscous flow (both the substituted alloys are seen to flow somewhat even at 600
• C) but from significantly larger cool-down shrinkage after crystallization, if compared to the other two alloys. The largest shrinkage of HP-Cr corresponds with the observed largest density rise (0.5% in vacuum, 0.3% in Ar) and also happens together with the largest crystalline share and grain size. The increased thermal expansion (thus shrinkage when cooling down) due to crystallization is essential for MH magnetostrictive effects.
Discussion and conclusion
The concave variation of coercivity with the annealing temperature is expected as a consequence of rising grain size D and the frequently quoted D 6 variation [7] after the grain separation decreased enough to enable the intergrain exchange interaction (e.g. [2] ). The steadily rising saturation implies that the crystalline share with its high Curie temperature is progressively increasing. The behavior of the HP-V alloy could also be understood in this context -compared to HP-0, it shows larger grain and higher crystallization temperature (thus lower crystalline share, more distant grains). However, the coercivity of HP-Cr with several times the grain diameter of HP-V or HP-0 shows no signs of joining the expected D 6 upswing, rather the contrary. No data now available suggest that this behavior is caused by rising exchange correlation length.
• The grain size is significantly increased, whereas the magnetostriction of partially crystalline alloy is slightly reduced by Cr.
• Although the soft-magnetic properties are not improved by the substituting V and Cr, at least the slightness of the coercivity increase with rapidly growing grain size in HP-Cr deserves further investigation.
• Neither V nor Cr with 4 at.% share help to suppress the MH appreciably.
